The effect of oxygen on squalene epoxidase activity in Saccharomyces cerevisiae was investigated. In cells grown in standing cultures, the epoxidase was localized mainly in the "mitochondrial" fraction. Upon aeration, enzyme activity increased and the newly formed enzyme was associated with the "microsomal" fraction. At 0.03% (vol/vol) oxygen, epoxidase levels doubled, whereas the ergosterol level was only slightly increased. Cycloheximide inhibited the increase in epoxidase under these conditions. An apparent Km for oxygen of 0.38% (vol/ vol) was determined from a crude particulate preparation for the epoxidase.
Although Saccharomyces cerevisiae is regarded as a facultative anaerobe, oxygen is required for the synthesis of two essential cellular constituents, sterols and unsaturated fatty acids (1, 15) . During anaerobic growth, yeast cells do not produce ergosterol. Instead, large quantities of squalene are accumulated, and, upon exposure to oxygen, squalene reserves are rapidly converted to sterols (12, 13) . In an attempt to quantitate the oxygen requirements for lipid biosynthesis in yeast cells, Rogers and Stewart (24) have calculated an apparent Km of 0.3 F.M oxygen for the synthesis of ergosterol. We have also reported a requirement for comparable levels of oxygen for the formation of sterol during the oxidative adaptation of anaerobically grown yeast cells (10) . However, little is known about the oxygen requirements of the individual oxidative steps in this process.
The epoxidation of squalene is the first oxygen-requiring step in sterol synthesis. The enzyme involved has been described by Tchen and Bloch (28) in rat liver as particulate, requiring molecular oxygen, NADPH, and a soluble factor for activity. A particulate enzyme system that converts squalene to sterol in yeast cells has been described by Klein et al. (18) . In the present study, we have used such particulate fractions to ascertain the influence of oxygen on this enzyme and on the induction of sterol synthesis in S. cerevisiae.
MATERIALS AND METHODS Enzyme preparation. S. cerevisiae LK2G12 was grown in standing cultures (anaerobic) as described previously (16) . For labeling the endogenous squalene pool, cells were grown similarly in the presence of [1- "C]acetate (9.2 LCi). After 48 h, cells were harvested, suspended in 0.1 M potassium phosphate buffer (pH 7.0) containing 2% glucose, and subsequently aerated for 2.5 h. In some experiments, individual flasks were fitted with sintered-glass bubbling tubes, and the cells were flushed with N2 or with oxygen-nitrogen mixtures from previously analyzed, premixed gas tanks (Matheson Gas). After the specified aeration time, cycloheximide (100 Rg/ml) was added to each flask to prevent further protein synthesis before the cells were harvested. Earlier publications describe the preparation of cell-free homogenates and the isolation of cellular fractions (16, 17) . In this paper, the term homogenate refers to the supernatant fluid remaining after the removal of cellular debris by two centrifugations at 2,400 x g for 10 min each. The terms mitochondrial and microsomal refer, respectively, to the pellets obtained after centrifugation of this homogenate, first at 15,000 x g for 30 min and then at 100,000 x g for 60 min; the term soluble refers to the remaining supernatant fluid (14, 16) . In some instances, the homogenate was centrifuged once at 100,000 x g for 60 min to obtain the total particulate. For determination of the squalene epoxidase described below, the material was used immediately after preparation. For the determination of the apparent Km for oxygen, the total particulate fraction was frozen with liquid N2 and lyophilized to remove oxygen.
Squalene epoxidase assay. The method of Ferguson and Bloch (6) was modified for use in these studies.
AMO-1618 (2-isopropyl-4-dimethylamino-5-methylphenyl-1-piperidinecarboxylate methyl chloride) was added to the assay mixtures to inhibit the 2,3-oxidosqualene cyclase (5) . Under the conditions described below, 1 mM AMO-1618 resulted in the accumulation of 90o of the products of [11-14C] [11-14C] squalene to the epoxide in 45 min. The rate of squalene conversion was 1.8 times greater at 30°C than at 26bC, and only negligible activity occurred at 37C; therefore, the standard assay was performed at 30°C. In some assays, particulate material which had previously been heated to 54°C for 10 min (to destroy all enzymatic activity) was added to the assay. The incubation was terminated by the-addition of 0.2 ml of saturated KOH-10 ml of methanol. After standing at room temperature overnight, the material was extracted with chloroform by the method of Bligh and Dyer (3) . Such extractions recovered at least 98% of the initial radioactivity. The chloroform extracts were evaporated under nitrogen. The residue, suspended in a small volume of chloroform, was spotted on thinlayer Silica Gel G plates (Merck & Co., Inc.), which were developed to a height of 15cm with a benzeneacetone (90:1) solvent system. The plates were sprayed ith rhodamine 6G, and the areas corresponding to squalene (Rf, 0.90), squalene 2,3-epoxide (Rf, 0.70), lanosterol (Rf, 0.30), and ergosterol (Rf, 0.17)
were visualized with UV and marked according to authentic standards. The plates were allowed to dry overnight, and the individual bands were transferred to scintillation vials for counting in a Packard liquid scintillation counter.
Sterol sod squa_e determinations. For the determination of sterol and squalene, lipid material in the particulate preparations was extracted by the method of Bligh and Dyer (3) and separated, as described above, on thin-layer Silica Gel G plates. The Silica Gel G band corresponding to the ergosterol standard was transferred to a tube and eluted four times with ethyl acetate. After filtration through sintered glass, the samples were brought to volume, and aliquots were taken for colorimetric determination. Ergosterol was assayed by the Liebermann-Burchard reaction as described by Parks (23) . Squalene was separated from sterol esters and other hydrocarbons by thin-layer chromatography with a hexane-benzene (18:1) solvent system and quantitated colorimetrically by the method of Rothblat et al. (26) .
Detrminaton of the rent K, for oxygen. The K,,, for oxygen of the squalene epoxidase was determined by a method described previously (29; N. J. Symmes, Ph.D. thesis, University of Maryland, College Park, 1977). This method involves the establishment of anoxic conditions in a Warburg-type, closedsystem vessel fitted with a Kontes Hi-Vac Teflon valve for gas sampling (21) . All procedures were carried out in an oxygen-free glove box (4). The individual reactants were introduced into each vessel, and the vessels were flushed with premixed oxygenhelium mixtures (Scientific Gas Products). After termination of the reaction with KOH, the oxygen concentration in the gas phase was measured by gas chromatography with a Carle microbead thermistor detector and a Porapak Q capillary column at an ambient temperature (22 
RESULTS
Assay system for the conversion of endogenous squalene to 2,3-oxidosqualene. To study the effect of oxygen on the production of squalene epoxidase activity in S. cerevisiae, it was necessary to develop a method for determining epoxidase activity in this organism. During initial studies on the epoxidase in S. cerevisiae, in which exogenous [14C]squalene was used as the substrate, it was observed that below a protein concentration of ca. 2 mg, the activity of the epoxidase was not measurable or was much diminished (Fig. 1A) . This effect could be obviated by the addition of an enzymatically inactivated particulate fraction which is known to contain appreciable squalene (Fig. 1B ). There appears to be a critical level of particulate material (equivalent to about 68 nmol of squalene) below which the enzyme assay is not sensitive. When the levels of inactivated particles are further increased, the activity is proportional to the enzymaticaily active protein only when the total amount of squalene in each assay is considered in the calculation. Enzyme activity was therefore calculated on the basis of the percent- To verify that endogenous squalene is indeed involved in the in vitro assay of this enzyme, yeast cells were grown anaerobically in the presence of [14C]acetate to label the endogenous squalene. When fractions were prepared and assayed using the labeled endogenous squalene as the substrate, the formation of 2,3-oxidosqualene was linear with time and proportional to the protein concentration (Fig. 2) . On the basis of these results, determinations of enzyme activity were routinely made in the presence of an appropriate level of particulate material.
Localization of the squalene epoxidase; effect of aeration. When yeast cells are grown anaerobically and then aerated in phosphate buffer, the sterol content of the cells increases dramatically (15) . This increase could be correlated with an increase in the specific activity of squalene epoxidase in the crude homogenates of S. cerevisiae, and the epoxidase can be shown to be associated predominantly with the particulate material of both anaerobic and aerated cells (Table 1 ). In anaerobic yeast cells, the mitochondrial fraction contained the greatest portion of the activity; however, aeration markedly changed the distribution of epoxidase activity. The increased activity of such aerated cells appeared to be due to additional enzyme activity localized in the microsomal fraction.
Oxygen requirements for the formation of squalene epoxidase. Because aeration stimulates the level of epoxidase activity and because oxygen is required for enzyme activity, it was of interest to determine the level of oxygen required for the induction of the epoxidase. For this study, the aeration procedure used above was modified by substituting various levels of oxygen. When the cells were flushed with nitrogen under such conditions, no change in epoxidase activity was observed (Table 2 ). When only a small amount of oxygen (0.03%) was present, epoxidase activity doubled. The enzyme activity continued to increase with increasing concentrations of oxygen and was essentially maximal by 0.3%. The addition of cycloheximide to the aeration buffer completely abolished the increase in enzyme activity, suggesting that de novo synthesis of the epoxidase was induced by oxygenation. In nitrogen-flushed cells, no increase in ergosterol was apparent; however, the squalene content increased dramatically. The net synthesis of substantial amounts of ergosterol appears to require higher concentrations of oxygen than does the induction of epoxidase activity, suggesting a greater oxygen requirement for epoxidase activity than for its induction.
Oxygen requirements for the activity of squalene epoxidase. To determine the actual levels of oxygen necessary for the activity of squalene epoxidase, experiments were designed to determine epoxidase activity as a function of oxygen concentration (Fig. 3) . From the data, an apparent Km value for oxygen of 0.38% can be calculated by the method of Lineweaver-Burk. This is equivalent to a dissolved oxygen concentration of 4.3 x 10-6 M. It should be noted that the measurements were made with crude preparations that almost certainly contained other competing oxygen-requiring reactions.
DISCUSSION
Using the technique of aerating anaerobically grown yeast cells, we have studied the role of squalene epoxidase in the induction of sterol synthesis. When anaerobically cultivated organisms were aerated, large increases in epoxidase activity occurred; this activity was predominantly associated with the microsomal fraction. It is important to understand that such preparations contain substantial quantities of squalene and that it is possible to convert this endogenous substrate to epoxide. Gavey and Scallen (7) have similarly demonstrated that microsomally bound, endogenous squalene in rat liver is metabolically active, and can be used to study the mechanism of sterol synthesis in this organism. Although the use of an endogenously generated substrate may be of advantage in certain studies on metabolic control, the pooling of 14C-labeled exogenous squalene with endogenous squalene provides a useful and convenient method for the study of many physiological factors involved in the formation of epoxidase activity in yeast cells.
In cells grown under anaerobic conditions, the major portion of squalene epoxidase activity was localized in the mitochondrial fraction; however, after aeration, the newly synthesized enzyme activity was totally associated with the microsomal fraction. This is not surprising since, in yeast cells, other oxygen-requiring enzymes involved in sterol synthesis appear to be microsomally bound (2, 9, 18, 28) . In this regard, it is interesting, however, that Schechter et al. (27) have reported that the 2,3-oxidosqualene cyclase of yeast cells is a soluble enzyme, unlike the cyclase of rat liver, which is microsomally bound. Another difference between yeast cells and rat liver is a requirement for a soluble supernatant in the rat liver system for the epoxidase reaction (6 were oxygenated with as little as 0.03% oxygen (equivalent to a dissolved concentration of 0.34 ,uM), the epoxidase activity increased to almost half of its maximal value. Indeed, in the absence of oxygen, no such increase occurred; there was only the formation of additional squalene reserves. Additionally, this oxygen-induced formation of epoxidase activity appears to involve the de novo synthesis of some cytoplasmically synthesized protein, since the addition of cycloheximide inhibited the increased enzyme activity. Substantially higher levels of oxygen appear to be necessary for epoxidase activity than appear to be necessary for its induction, the apparent Km for oxygen for the in vitro activity of the enzyme being of the order of 0.38% oxygen. Interestingly, this value is similar to the level required for substantial increases in ergosterol (0.3%) in vivo.
The sensitivity of epoxidase induction to low levels of oxygen is not understood, but it may involve the oxygen-dependent biosynthesis of porphyrins in yeast cells (20) . In this connection, it is interesting that a study of yeast mutants requiring sterol supplements for growth found them all to be defective in heme biosynthesis (8) . It must be recognized, however, that other factors may be involved. In our system, we routinely include glucose during aeration to obtain maximal sterol synthesis. In S. cerevisiae, glucose is known to inhibit the formation of many of the enzymes involved in aerobic metabolism. In this regard, it has been reported that glucose represses both the biosynthesis of sterol esters and, under low oxygen tension, the synthesis of ergosterol (11, 25) . It is therefore difficult to relegate solely to oxygen a role for the control of epoxidase activity in these cells.
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